"Vocalness" , which indicates correctness of vocalization of singing voice used in western classical opera and lied, is defined in terms of relative intensity of the singing formant. An advantage of vocalness is that its measurement is scarcely affected by the vibrato, inherent in the singing voice. As a result of vocalness measurement for sustained vowel /ah/ sung by 21 female singers, no significant difference was found between the two groups of (A) professional singers, and (B) students of voice and trained chorus singers, whereas a marked difference was found between these groups and the group of beginning amateur chorus singers (C). Thus vocalness is expected to be a helpful measure for the vocalization training of beginners.
INTRODUCTION
Physical features of singing voices used in western classical opera and lied have been studied since long ago, and the history of those studies has been described in detail in an excellent review article by Troup.1) Recent advances in technology have greatly aided the research on speech sound by means of signal processing techniques that use highly sophisticated electronic devices. As regards singing voices, however, there are still areas that require investigation, especially that which concerns quantification of the physical features.
As is well known, a trained singer can elicit deep emotion from an audience. The power of the singer's voice resounds often throughout a huge hall even above the fortissimo sound of the orchestra.2) It is very interesting to elucidate such features by means of new signal processing techniques. Furthermore, such a study is expected to provide a physical approach to the evaluation of the aesthetic aspect of voices.
In the spectrum of speech sound, there appear a few peaks which are called formants, and the formants determine the kind of vowel uttered.
3) The AbS (analysis-by-synthesis) technique is a powerful means of formant analysis. 4, 5) On the other hand, in the spectrum of singing voice, an extra peak called "singing formant" appears at about 3 kHz,6) in addition to the vowel formants. The singing formant makes the voice sonorous, strained, and penetrating.7) As regards its origin, which is not considered in the present study, studies have been made by Sundberg,6) Shipp and Izdebski,8) and Wang.9) A few aspects of the spectra of singing voice have been previously studied; e.g., the spectral variation due to differences between vowels, singers, and mode of singing.10) In that study, however, the singing formant was not taken into account. The main purpose of this study, therefore, is to elucidate the properties of singing voice through the singing formant.
Although the singing formant is a well-known feature of well-trained singing voices,11) it remains to be fully utilized as a measure of the correctness of vocalization.
The present study defines a reliable scale for measuring the correctness of vocalization, called "vocalness," in terms of the relative power of the singing formant, i.e., the ratio of average power of harmonics involved in the frequency range of singing formant to that in the range below the singing formant.
Since "vibrato," or periodical variations in the amplitude and the fundamental frequency observed in the singing voice,12) might affect the measurement of vocalness, its effects were theoretically analyzed using two models: one is the amplitude modulation and the other is the phase or frequency modulation.
The male voice has a complicated spectrum because it has more overtones, due to its lower pitch, than the female voice. 2. METHOD
Definition of Vocalness
We attempt to quantify features of the singing voice in terms of the relative power of the singing formant.
The power spectrum of a sustained vowel with a fundamental pitch indicated by a note is, in general, a discrete one that consists of a fundamental tone and its harmonics. The singing formant appears as a peak centered at about 3.5 kHz and ranges from 2.5 to 5 kHz. There also appear, in addition to the singing formant, the third formant of all vowels and the second formant of vowel /ih/ and /eh/ in this range.14) Thus we take into consideration only vowels /ah/, /oh/ and /uh/ here, and not vowels Since the amplitude of the third formant is small for vowels /ah/, /oh/ and /uh/,15) almost all the voice power which is not involved in the singing formant region is involved below the singing formant region for these vowels. Thus, denoting the upper and lower boundary frequencies of the singing formant region as fH and f1, respectively, we take the ratio of the average power of harmonics with frequencies in the range writing the power of the n th harmonic (we regard the fundamental as the first harmonic with n=1) as (1) where p and q are integers satisfying
and f1 is the fundamental frequency (usually written as F0). We let fL=2.5 kHz and fH=5 kHz in the actual computations below. When the power of the n th overtone is given as decibel representation, we transform it into a linear representation as (4) before substituting into Eq. (1). The ratio s thus obtained takes a value close to 1 for a well-trained voice since the average power of the singing formant is close to that of the low-frequency range ; s, however, takes a value close to 0 for an untrained voice having little singing formant. Therefore, s takes a negative value for almost every voice when transformed into decibels, which is a value unfamiliar to most individuals. On the other hand, as shown in the results of measurement below, there is a difference of about 20 dB between s for a welltrained voice and s for an untrained one. Thus by adding 20 to the decibel value of s to make the resultant value for a well-trained voice positive, we define (5) which we call "vocalness" of the voice.
As examples, the wave shape and spectrum by FFT of a well-trained sonorous voice are shown in Figs. 1(a) [W/m2] from its spectrum wn using Eq. (4), and then the ratio s of average powers using Eq. (1), to obtain 0.684 and 0.0141 for the two voices. Finally the values of vocalness S are obtained using Eq. (5) as 16.7 for the trained voice and -17.0 for the untrained one. These results indicate that, using S, the relative intensity of the singing formant can be quantified in an easily understandable way.
Theoretical Analysis on Effects of vibrato
The vibrato is a phenomenon in which the sustained vowel of a singing voice is pronounced with a periodic change in its amplitude and/or phase (or fundamental frequency). The frequency of the change is much smaller than that of its fundamental tone. Although vibrato is an important constituent of the singing voice, it varies the spectrum of the (6) its power can be expressed as
The partial power P, of the n th harmonic (n• †1) is (7) The Fourier transform f(w) of f(t) is written as (8) where ƒÂ(x) is the Dirac's delta function:
Eq. (8) 
The ranges of arguments x of J0(x)'s in the numerator and the denominator of Eq. (15) are, respectively,
We take the medians of these ranges and evaluate sp in Eq. (15) voice data starting at two separate instants, from which the vocalness is computed to be 12.07 for (a), and 15.51 for (b). These values are, respectively, the minimum and the maximum values of S. Thus it can be seen that the variation of vocalness due to the vibrato is slight.
except for voices in the high-pitch region above E5. We found no significant difference between groups (A) and (B).
In contrast, as shown in Fig. 7(c) , the data of group (C) range mostly from -20 to 0, far below those of groups (A) and (B). There is a marked difference between the data of groups (A) and (B) and those of (C).
The results for group (D) are shown in Table 1 . Note that they should not be compared simply with the results from the other groups because of the different conditions for singing and recording. We do not mention the name of the singer, say, Caruso or Chaliapin,16) in this study, because a misunderstanding might arise in thinkig that numerical data such as vocalness could grade the worth of an artist. For the voices with pitches lower than C5 in groups (A) and (B), vocalness decreases as the pitch increases. In the high-pitch region in group (A), however, this trend disappears and the vocalness value ranges widely from -10 to 21. Also in group (D), as seen in 
Utility of vocalness
The fact that no significant difference is found between groups (A) and (B) implies that, through experience and/or training, one can acquire the singing formant in one's voice spectrum, although the ease of acquisition depends on one's talent.
Whereas vocalization is an important basic technique for vocal music, the voice is merely a material from which songs are made. One must, after the acquisition of a good voice, learn many things to move the audience by one's song. Thus a person with a voice that has high vocalness value may not always be a good singer.
In contrast to the lack of difference between groups (A) and (B), there is a marked difference between groups (A) and (B) and group (C). The vocalness values of group (C) are much lower than those of groups (A) and (B). Members of group (C) have to undergo suitable vocalization training to acquire good voices. In the course of training, vocalness will be a useful measure of the progress of vocalization.
As an example, we show in Figs 
CONCLUSION
Vocalness, which represents the relative intensity of the singing formant, was introduced for the sustained vowel of a female voice, as a measure of the correctness of vocalization for singing western classical music. It was shown using two theoretical models of vibrato that vocalness is undisturbed during measurement by the vibrato since the latter causes little fluctuation of the vocalness value.
Vocalness measurements were carried out on groups of singers, namely (A) professionals, and (B) students of voice and trained members of a chorus. Measured values of vocalness ranged from 4 to 20, except in the high-pitch region. No obvious differences were found between groups (A) and (B). However, marked differences were found between groups (A) and (B) and a group of untrained beginners (C). Measured vocalness values of group (C) ranged between -20 and 0, far below those of groups (A) and (B). Thus vocalness will be useful as a scale to measure the progress in the voice training of beginners, as well as of singers with experience or training.
Vocalness, however, represents only one aspect of the physical properties of voice, namely, the relative intensity of the singing formant. Moreover, its value fluctuates even in one sustained vowel. Hence the numerical value of vocalness should not be regarded as a quantity of too great a significance.
While we have carried out only measurements on the vowel /ah/, the vowels /oh/ and /uh/ can be treated in a similar manner. The vowels /eh/ and /ih/ are, however, inadequate for vocalness measurement, since their second formant appears markedly in the frequency region of the singing formant.
It may be possible to define the vocalness of a male voice in a similar manner. However, because of the complicated spectrum of the male voice, it is left for future study.
The singing formant represents features of voice expressed as strained, lifting, or penetrating. As future subjects, we will investigate the correlation of the other features of voice, such as sonorousness, brightness, softness or deepness with the physical properties of voice like the wave shape or the spectrum, and quantify these features.
